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Abstract: In this paper we study the performance of 4-ary pulse amplitude modulation (PAM-4) transmission using
intensity modulation with direct detection (IM-DD) on a fiber link of 80 km. The system uses a pre-compensation
filter to take care of the chromatic dispersion. Specifically, it is studied the effect of the difference between nom-
inal chromatic dispersion used in the pre-compensation filter and the actual value of the chromatic dispersion
introduced by the fiber. This is because the actual length of the fiber can be different from the designed one and,
also, because the dispersion parameter can vary because of changing in refractive index of the fiber that can be
caused by the temperature variation. Simulation results obtained by means of Monte Carlo simulations are used
to show the sensitivity of bit error rate performance to the mismatch between nominal and actual value of the
chromatic dispersion.
Key–Words: Pulse amplitude modulation (PAM), intensity modulation, direct detection, non-coherent demodula-
tion, chromatic dispersion
1 Introduction
Intensity modulation with direct detection is an attrac-
tive technique for short-reach optical systems used in
optical access and backhauling, see e.g. [1, 2, 3].
These systems should meet the requirement of low
cost and this rules out coherent systems, which need
multi-giga sample per second data conversion and
complex receivers that counteract fiber impairments,
as, e.g., non-linear phase noise [4, 5]. Both multitone
modulation [6, 7] and conventional amplitude modu-
lation are candidate modulation schemes. In the fol-
lowing we study four-level pulse amplitude modula-
tion (PAM-4). In intensity modulation (IM) PAM-
4 transmission with direct detection (DD), chromatic
dispersion must be compensated before detection and,
therefore, powerful digital equalization schemes such
as [8], cannot be employed at the receive side. Be-
sides optical compensation, what one can do is to pre-
compensate for chromatic dispersion at the transmit
side with a baseband digital filter [9]. However, for
pre-compensation to be effective, one has to know the
dispersion parameter and the fiber length, which are
known with a limited precision.
In this paper we study the effect of errors due to
inexact knowledge of dispersion parameter and fiber
length in pre-compensation. To do this, we com-
pute the Error Vector Magnitude (EVM) [11] and the
Signal-to-Distortion Ratio (SDR) that result from the
mismatch between the actual parameters and those
used in the design and show that they can be used to
get a good approximation to the Bit error Rate (BER).
The paper is organized as follow. In Sec. 2 we in-
troduce the system model. Performance analysis and
Monta Carlo simulations are presented in Sec. 3. Fi-
nally, conclusions are drawn in Sec. 4.
2 PAM-4 System Model
The baseband equivalent discrete-time model consid-
ered for the system studied in the paper is reported
in Fig. 1. The input bit stream {bk} is mapped on a
PAM-4 constellation by the modulator to generate the
sequence of transmitted symbols {ak}. Since IM is
considered, the amplitudes of the transmitted symbols
are only positive, due to the direct detection technique
used at the receiver. We assume Gray mapping where
transmitted symbols are randomly drawn from the set
of equiprobable values A = {1, 3, 5, 7}. Always with
reference to Fig. 1, hP (k) denotes the discrete-time
impulse response of the pre-compensation filter. The
role of hP (k) is that of compensating for the chro-
matic dispersion introduced by the channel. The pre-
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Figure 1: Complete scheme of the system model
compensation filter can be pre-calculated by comput-
ing the inverse Fourier Transform of the complex con-
jugate of the frequency response of the chromatic dis-
persion, which is given by
HCD(f) = exp(−j 1
2
β2f
2L), (1)
where β2 denotes the chromatic dispersion parameter,
L is the length of the fiber link and f is the frequency.
Often HCD(f) is written as a function of the dis-
persion parameter D, defined as
D = − f
2
0
2pic
β2
where c is the light speed, λ is the carrier wave-
length. The measure unit of the dispersion parameter
is [ps/(nm · km)]. By replacing in (1) we get
HCD(f) = exp(
jpiDLλ2
c
f2). (2)
It follows that the continuous-time impulse response
of the pre-compensation filter is given by
hP (t)=F−1 {HP (f)}=F−1
{
exp
(
−jpiDLλ
2
c
f2
)}
,
(3)
where F−1 is the inverse Fourier transform opera-
tor. The discrete-time impulse response hP (k) is ob-
tained by approximating the computation of inverse
Fourier transform with inverse discrete Fourier trans-
form, where a sampling in frequency domain is cho-
sen to avoid aliasing in time-domain. The parameters
that are hereafter used to derive numerical results pre-
sented in the following are
• λ = 1.54294 nm
• D = 16.5 ps/nm/km
• L = 80 km
• f = 50 GHz
A discrete-time zero-mean complex white Gaus-
sian noise {nk}with variance σ2n is added to the signal
at the input of the photo-detector. After the square law
detection operated by the photo-detector, a decision is
taken by applying the signal at the input of the memo-
ryless threshold detector. Same transmitted amplitude
levels are assumed at the output of the photo-detector
without noise. Independent decisions are taken by
comparison with equally spaced thresholds centered
at the medium distance between constellation points.
The estimated symbols aˆk are then de-mapped by the
demodulator and the stream of decided bits bˆi is out-
put.
The signal before the photo-detector can be rep-
resented as
rk = ak ⊗ hM (k) + nk, (4)
where ⊗ denotes discrete convolution and
hM (k) = hP (k)⊗ hCD(k). (5)
is the impulse response of the cascade of pre-
compensation filter and actual chromatic dispersion
channel. In case of ideal pre-compensation, hM (k)
results in a ideal Kronecker delta
δk =
{
1, k = 0,
0, k 6= 0.
However, in presence of mismatch, hM (k) broadens
its temporal duration and Inter Symbol Interference
(ISI) arises. This means that the received symbol is
overlapped with the tails of the impulse response of
the previous symbols and this creates distortion that
finally results in performance degradation. In the Sec-
tion that follows different Figure of merits are adopted
to evaluate the entity of this performance degradation.
3 Performance Analysis
With the help of a simulation, these types of analysis
have been done:
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Figure 2: Scatter plot with 0.5% mismatch
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Figure 3: Scatter plot with 1% mismatch
• Scatter Plot
• Signal-to-Distortion Ratio (SDR)
• Bit Error Rate (BER)
• Error Vector Magnitude (EVM)
The analysis has been worked out by varying the mis-
match between the chromatic dispersion value used to
compute the pre-compensation filter and that of the
actual chromatic dispersion introduced by the chan-
nel for different values of signal-to-noise ratio (SNR).
The SNR is defined as
SNR =
Pa
σ2n
, (6)
where
Pa =
1
|A|
|A|−1∑
i=0
a2i = 21. (7)
is the average power of {ak}, being A the cardinality
of the set A.
0 1 2 3 4 5 6 7 8−3
−2
−1
0
1
2
3
Data before detection with mismatch = 1.5%
I
Q
Figure 4: Scatter plot with 1.5% mismatch
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Figure 5: Scatter plot with 2% mismatch
In what follows, the mismatch m is expressed as
percentage of the product DL so that the resulting
chromatic dispersion transfer function is
HP (f) = exp(
−jpiDL(1 +m)λ2
c
f2). (8)
where 0 < m < 1 is the percentage of mismatch.
3.1 Scatter Plot
The scatter plot is a graphic tool that allows for visu-
alizing how received symbols spread around the ideal
constellation points. The larger is the distortion, the
larger is the dispersion around the correct constel-
lation point. Figures 2, 3, 4, and 5 show how the
symbols at the input of the threshold detector spread
around the corresponding reference points for increas-
ing values of the percentage of mismatch. Note that
in the following, both positive and negative values
of m will be considered since, due to symmetry in
the frequency response of the chromatic dispersion,
they give exactly the same result for the same abso-
lute value of percentage.
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Figure 6: BER versus % of mismatch for different val-
ues of SNR.
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Figure 7: BER versus % of mismatch for different
SDR values.
It is possible to see that the symbols with smaller
values are the ones that are more affected by the chro-
matic dispersion, because they suffer the impact of
the higher symbols spreading in time. So the scatter
plot is more dispersed around amplitude level 1 than
around amplitude level 7.
3.2 Signal-to-Distortion Ratio
The SDR measured at the input of the photo-detector
is defined as the ratio between the power of the desired
signal and the power of the total distortion, that is the
sum of noise and ISI, and is given by
SDR =
Pa
PISI + SNR−1Pa
(9)
The power of the ISI term is calculated as
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Figure 8: BER versus SDR for different values of %
mismatches.
PISI = Pa
∑
k
|1− hm(k)|2 . (10)
3.3 Bit Error Rate
In the simulation, the BER performance has been eval-
uated by comparing the transmitted bit sequence with
that estimated produced at the output of the demod-
ulator. Evaluation of BER has been done by varying
the SNR level and the mismatch percentage, by keep-
ing fixed the other parameters. In Fig. 6 each indi-
vidual curve is parameterized with a fixed SNR. From
the Figure it is possible to appreciate how the perfor-
mance gets worse as the percentage of the mismatch
increases.
Figure 7 reports individual BER curves versus the
mismatch for a fixed SDR, that is, by changing the rel-
ative powers of noise and ISI to have a constant SDR
in (9). It can be observed that at fixed measured SDR
the BER decreases with the increase of the mismatch
percentage and, therefore, it is in some way possible
to evaluate the entity of mismatch by jointly measur-
ing BER and SDR.
In Fig. 8 each individual curve has a constant mis-
match. From Figs. 7 and 8 it can be observed that
when the total power of the distortion is dominated
by the ISI, that actually is not Gaussian, there are less
errors than what expected from the Gaussian approxi-
mation.
3.4 Error Vector Magnitude
The data-aided Error Vector Magnitude (EVM) com-
putation is given by [10, 11]
EVM =
√
1/K
∑K
k=1 |rk − ak|2
Pa
(11)
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Figure 9: Comparison between actual SNRtot and the
estimated one.
where ak is the ideal transmitted value that corre-
sponds to rk, Pa is the average symbol power eval-
uated in (7) and K is the number of samples used for
averaging.
The EVM is calculated before the threshold de-
tector at the output of the photo-detector and used to
compute the BER. EVM is an indicator of how much
the received signal deviates from the points of the
original constellation. It is linked to the total SNRtot
observed at the input of the threshold detector as
EVM =
√
1
SNRtot
. (12)
Figure 9 shows the SNRtot estimated by the EVM
when the latter is evaluated both by making the dif-
ference between the received symbols and the orig-
inal transmitted data (data-aided EVM, defined in
(11)) and by using decisions aˆk in (11) in place of
the actual data (non data-aided EVM) for the case
where SNR=22 dB. Clearly, using decisions with
small SNRtot, the EVM is underestimated because in
case of error, the decision device chooses the nearest
symbol and not the correct one.
The BER is estimated by substituting the SNRtot
obtained from (12) using the estimated EVM in ana-
lytical expression that gives the bit error probability
for the considered PAM-4 modulation scheme as
Pb(e) ≈ 2(M − 1)
M log2M
Q
(√
SNRtot
Pa
)
(13)
where Q(·) is the Q-function used when the distor-
tion is Gaussian distortion, hence under the Gaussian
approximation of ISI.
Figure 10 reports the BER evaluated using the
estimated EVM both for the data-aided and the non
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Figure 10: BER versus % of mismatch for SNR=22
dB obtained from Monte Carlo simulation, data-aided
EVM and non data-aided EVM.
data-aided case. As it can be observed from the Fig-
ure, while the BER obtained using the data-aided esti-
mated EVM provides a good estimate of the real BER
obtained by Monte Carlo simulation for all the val-
ues of mismatch, the BER obtained using estimated
EVM with decisions provides a good approximation
only for mismatch values below -2%.
4 Conclusion
The main advantage of intensity modulated PAM-4
with direct detection (IM-DD PAM-4) is that of al-
lowing for a dramatically reduction of the cost of the
receiver. As such, it is a solution that is currently ob-
ject of many investigations especially in short-reach
optical communication systems. However, linear dis-
tortion effects introduced by the channel could limit
its applicability. In this paper we consider the effect
of chromatic dispersion and, in order to compensate
for it, we propose to introduce a pre-compensation
filter in the transmitter. Since the exact value of the
dispersion is not known exactly, we evaluate the sen-
sitivity of the performance IM-DD PAM-4 to mis-
matches between the value of dispersion used in the
pre-compensation filter and the actual one of the chan-
nel by using different quantitative Figure of merits.
Simulation results show that, among the considered
methods, error vector magnitude is able to provide
a good estimate of the performance degradation in
terms of bit error rate for a given value of the mis-
match.
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